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A B S T R A C T We have measured lipolytic activity in gastric aspirates obtained at birth in a group of 142 infants. The infants ranged in gestational age from 26 to 41 wk. Lipolytic activity, measured by the hydrolysis of long chain triglyceride ([tri-3H]oleate), and expressed as nanomoles FFA per milliliter gastric aspirate per minute was 333±66 in 55 small premature infants (gestational age [26] [27] [28] [29] [30] [31] [32] [33] [34] wk and body wt 750-2,000 g) and 558±45 in a group of 87 larger infants (gestational age [35] [36] [37] [38] [39] [40] [41] wk and body wt 2,020-4,000 g). No activity was detected in seven infants with an unusually low pH in the gastric aspirate, 2.88+0. 44 (compared with a mean pH level of 5.59±0.22 in the other 135 infants).
Attempts to characterize this lipase showed that it has a molecular weight of 44-48,000, pH optimum of 3.0-5.0, that FFA acceptors (albumin) stimulate activity, whereas bile salts, taurocholate and glycocholate, cause marked inhibition at concentration >3 mM. Our survey shows that enzyme activity is present as early as 26 wk of gestation, increases with gestational age, and has the same characteristics throughout gestation. The data show that the lipase in gastric aspirates differs from pancreatic lipase, but closely resembles human and rat lingual lipase. Because the lipase has a low pH optimum and does not require bile salts, it can act in the stomach where it initiates the hydrolysis of dietary fat. We suggest that intragastric lipolysis is probably of major importance in the newborn and especially in the premature infant where it compensates not only for low pan-
INTRODUCTION
The survival of infants with very low birth weight has increased substantially in the last few years. Normally this is a period of rapid intrauterine growth and development of the fetus. To maintain an adequate rate of growth the prematurely born infant suddenly becomes completely dependent upon the absorption of external nutrients. In addition, at birth, with the sudden transfer from the high-carbohydrate nutrition of the fetus (1) to the high-fat diet of the newborn, fat becomes the major energy source for the growing infant (2, 3) .
Contrary to adults, who absorb >95% of dietary fat, premature infants absorb only 65 to 80% of ingested fat (4) . Inadequate lipid absorption in the preterm infant is attributed to low pancreatic lipase activity (5) (6) (7) and impaired solubilization of lipids due to low levels of bile salts (7) (8) (9) (10) (11) (12) . There are, however, marked variations in the efficiency of lipid absorption in the neonate that are attributed to variations in the functional maturity of the gastrointestinal tract at birth (13, 14) . These individual differences in the ability to digest fat could be the result of variations in the level of intragastric lipolysis (15) ; infants in whom the latter mechanism is well developed could absorb fat more efficiently.
In man (16) and several other species (17) lipolysis is initiated in the stomach by a potent lipase secreted by lingual serous glands (von Ebner) (18) (19) (20) . This lipase differs from pancreatic lipase in that it is relatively acid resistant, does not require bile salts for activation, and has a low pH optimum (3) (4) (5) . Gastric digestion leads to the hydrolysis of 10-30% of the ingested fat to partial glycerides and FFA (16, 19, 21) . Recent animal studies have shown that the absence of oral secretions from the stomach causes a fall not only in intragastric lipolysis but also in the intestinal hydrolysis of dietary fat (22) . The potential compensatory function of intragastric lipolysis in the premature infant resides not only in the hydrolysis of dietary fat, but also in the formation of amphiphilic reaction products (23) that could help to overcome the temporary bile salt deficiency. We have recently reported that considerable hydrolysis of dietary fat occurs in the stomach of newborn infants (24) .The aim of the present study was to establish whether lipolytic activity is present at birth, whether it is found in very small premature infants and whether the characteristics of the lipase resemble those of recently purified rat lingual lipase (25) .
METHODS
Subjects. 142 infants born between January and July 1979 were the subjects of this study. The infants had a birth weight range of 750 to 4,000 g and gestational age of 26 to 41 wk; all but eight infants were appropriate for gestational age.
Collection of samples. Gastric aspirates were obtained in the delivery room as part of the routine neonatal care. The volume of the samples was in the range of 0.3 to 6.0 ml. The specimens were immediately frozen and were kept at -70°C until analysis [1] [2] [3] [4] [5] [6] The triglyceride concentration of the substrate emulsion was quantitated by the hydroxainic acid method of Rapport and Alonzo (27) .
Sephadex gel filtration. 200-300-,l aliquots of gastric aspirate were applied to glass columns of Sephadex G-200, particle size 40 to 120 ,mm (Pharmacia Fine Chemicals, Div. Pharmacia, Inc., Piscataway, N. J.). The columns were equilibrated with 0.9% NaCl-0.25 M KH4PO4-KOH buffer, pH 6.3. The columns were run at room temperature; fractions of 0.5 ml were collected into tubes kept in ice, and lipase activity was measured in 150-pl aliquots of each fraction. For the determination of molecular weight, the columns were calibrated with proteins of known molecular weight as described by Andrews (28) . The elution patterns of the proteins was followed by determinations of optical density. The void volume was determined with blue dextran 2000. The apparent molecular weight of the lipase in gastric aspirates was estimated from the linear plot ofKay vs. the log ofthe molecular weight of known standards. Ka, = (Ve -V/Vt -V0), Ve is the elution volume of the protein under investigation, Vo is the void volume, and Vt the total volume of the column.
RESULTS
Since gastric aspirates collected at birth contain considerable amounts of amniotic fluid, we have first tested whether lipase activity is present in amniotic fluid. Five specimens of amniotic fluid, obtained prior to premature or term delivery, had only traces of lipolytic activity, 10±3.2 nmol FFA produced/ml amniotic fluid per min in the lipase assay system at pH 4.2 and 0.70±0.40 in the assay at pH 8.1. Contamination with amniotic fluid therefore cannot contribute lipolytic activity to gastric aspirates.
Regurgitation of duodenal fluid could lead to presence of pancreatic lipase in the stomach. To exclude this contaminating activity from our assay we first measured the pH optimum for lipolytic activity in adult human duodenal and gastric aspirates. As shown in Fig.  1A , in our assay system the pH optimum for lipolysis was 3.5-5.0 for gastric aspirate and 5.4-8.4 for duodenal aspirate. Because the lipase in gastric aspirate had optimal activity at pH 4.2, whereas that in duodenal juice had only minimal activity at this pH, we routinely measured lipolytic activity in gastric aspirates at pH 4.2. In addition, the lipolytic activity in each specimen was also tested at pH 8.1 to evaluate the extent of duodenal contamination. Under our assay conditions, the lipolytic activity in gastric aspirates thus reflects true preduodenal activity i.e., gastric (29) and probably lingual lipase (18, 25) .
Lipolytic activity was linear up to the production of 300 nmol of FFA i.e., in the range of 5 to 20 ,ul gastric aspirate.
Lipolytic activity in gastric aspirates. The results of the survey of 142 infants is presented in Table I (0) Body Weight in Grams FIGuRE 2 Lipolytic activity in gastric aspirates of newbom infants. The infants have been divided into six groups according to birth weight. The and immediately after the meal it is between 5.0 and 5.5 (24) . To hydrolyze dietary triglyceride in the stomach the lipase in gastric aspirates would have to have a pH optimum within this range. Indeed, as can be seen in Fig. 1 , the lipolytic activity in representative specimens from adults ( Fig. IA) and new born infants (Fig. 1B) is in the range of 3.0 to 5.0. Albumin at a concentration of 0.5 mM markedly stimulates lipolysis while at the same time slightly extending the pH optimum to 5.5. ThIese results indicate that in the pH range of 3.5 to 5.5, the higher lipolytic activity probably reflects the more efficient removal of FFA by albumin. The sharp fall in activity above pH 6 .0 occurs both in the presence or absence of albumin.
Effect of bile salts on lipase activity. One would not expect a lipase active in the stomach to be dependent on bile salts for optimal activity. We have studied the effect of bile salts on the enzyme mainly in order to investigate whether the lipase could maintain some of its activity in the duodenum of the newborn, since in this age group the duodenal pH is lower than in the adult. The data presented in Fig. 4 show marked variations in the effect of different bile salts. Whereas at low concentrations (1.5-3.0 mM) there is either no effect or a slight increase in lipolytic activity, (7) (8) (9) (10) (11) (12) , indicating that the newborn may depend on alternate mechanisms for the digestion of fat. Indeed, recent studies in man (15, 31, 32) and earlier studies in several animal species (17) show that the newborn probably depends on extrapancreatic lipases for adequate fat digestion. Of special importance is intragastric lipolysis, where salivary (lingual) and gastric lipases probably compensate for low pancreatic lipase, whereas the products oflipolysis, fatty acids, and monoglycerides, compensate for low bile salt levels, by emulsifying the lipid mixture.
We have recently shown that as much as 15% of long chain triglycerides are hydrolyzed to partial glycerides and FFA within 7 min in the stomach of newborn infants (24) . The rate of hydrolysis and the reaction products formed was similar to that reported previously for adult man (16) and rat (19) . In our earlier study, which was limited to 13 infants of [30] [31] [32] [33] [34] wk gestational age, studied 4 to 22 d after birth, we have established that lipolytic activity is present in gastric aspirates, shortly after birth. The present study extends these observations to a group of 142 infants that range in gestational age from 26 to 40 wk. To investigate whether enzyme is present at birth, i.e., before feeding, all infants were studied immediately after delivery. An additional aim of the present study was to characterize the lipase in gastric aspirates of newborn infants. Contamination of gastric aspirates by regurgitated duodenal contents that may contain pancreatic lipase, could not be excluded; however, we tried to minimize the contribution of pancreatic lipase to the total lipolytic activity measured, by changing the pH in the assay system from 5.4 (24) to 4.2, a pH at which pancreatic lipase has only minimal activity (Fig. 1) . In addition, lipolytic activity in each specimen of gastric aspirate was also tested at pH 8.1 to measure the extent of contamination by pancreatic lipase (Table  I ). The latter did not amount to >7.0% of the activity measured at pH 4.2 (Table I) .
Lipolytic activity was present in all age groups studied. Indeed a comparison of the activity levels in our previous group of 13 infants, which were studied several days to several weeks after birth (24) with the present group, in which gastric aspirates were obtained at birth, shows that the activity levels are several fold higher at birth. Whether this is due to accumulation of enzyme, with little loss to the duodenum before birth, as compared to passage of enzyme with each meal from the stomach to the duodenum after feeding, is not known at present. The higher enzyme level, even in very small premature infants (Table I, Fig. 2 ) suggests that the enzyme is present early during fetal development.
The pH of the gastric aspirates was between 5.0 and 6.0 in most of the premature infants and dropped slightly below 5 .0 only at term (Table I) . Several infants had very low pH values (mean for seven infants 44) , in these cases we did not detect lipolytic activity probably because of inactivation (possibly peptic denaturation) of the enzyme of this low pH.
Gel filtration chromatography on Sephadex G-200 columns showed that the lipolytic activity in gastric aspirates of infants of different gestational ages has a similar elution pattern. A representative example (Fig. 3) shows that the apparent molecular weight of the enzyme (in this case the gastric aspirates were from two infants of 34 and 36 wk gestational age) is 44-48,000. This molecular weight is almost identical to that of the lipase in adult human gastric juice (29) and to the low molecular weight species of rat lingual lipase (25) . Indeed, the very small peak in the area of the void volume could be similar to the large molecular weight species of rat lingual lipase (25) .
The pH optimum of the enzyme (3.0-5.5) suggests that it is ideally suited to act in the stomach, since the pH of gastric contents after the ingestion of a meal is in the same range of 3.5 to 5.5.
Bile salts, taurocholic acid, the predominant bile acid in the newborn and glycocholic acid, the predominant bile acid 3-4 mo after birth (33, 34) , in concentrations >3 mM markedly inhibit lipolysis. Because at lower concentration bile salts have either no effect or cause a slight stimulation, the lipase could remain active in the duodenum of the newborn because of their low concentration in newborns, especially premature infants, as well as because of the lower pH than in adults. Taurodeoxycholic acid inhibits lipolysis at concentrations of 3-9 mM, whereas no inhibition is seen at higher concentrations (up to 30 mM). Pure, commercially available bile salts (Calbiochem-Behring Corp., American Hoechst Corp., San Diego, Calif.) as well as bile salts that were purified by thin-layer chromatography had identical effects.
At present we do not know the origin of the lipase in the stomach; however, since lipolytic activity with similar characteristics is present in esophageal aspirates of infants with congenital esophageal atresia (31), we assume that in man, as has been shown in other species (17, 19, 20) the lipase active in the stomach originates in lingual serous glands (18 (5) (6) (7) or until weaning in the rat, (39) (40) whereas the lipase in human gastric aspirates (Table I and Fig. 2 ) and in rat lingual glands (41) rises throughout pre-and postnatal development.
Fat digestion in the stomach probably is quantitatively much more important for the newborn than for the healthy adult: the stomach is a large receptacle where food is well mixed with enzymes through churning and squirting movements (42) . Gastric emptying is delayed in the newborn (43) , allowing for longer periods of food digestion than in adults. Furthermore, high fat concentration in gastric contents further delays gastric emptying. Recent studies on suckling rats have shown that rapid intragastric hydrolysis of milk fat is followed by selective absorption of medium chain fatty acids (C8-C10) directly across the gastric mucosa (44) . Because the lipolytic activity in gastric aspirates of premature infants is high, the efficient absorption of low birth weight formulas, which contain high concentrations of medium chain triglycerides, could be related to high intragastric lipolysis and direct absorption of medium chain fatty acids from the stomach.
Initial digestion within the stomach is especially important for milk fat because milk fat droplets are not a good substrate for pancreatic lipase (22, 29) . Earlier studies by Cohen et al. (29) and recent studies in our laboratory (22) have shown that hydrolysis of milk fat is greatly enhanced by preincubation with human gastric aspirate or with rat lingual lipase, respectively. Furthermore, recent in vivo studies have shown that intragastric lipolysis markedly facilitates the intestinal digestion of dietary fat: after diversion of oral secretions from the stomach, there was a marked decrease (50%) in intragastric hydrolysis of milk fat, followed by significantly lower intestinal lipolysis (60% lower in the duodenum and 30% in the jejunum and ileum [22] ).
The importance of intragastric lipolysis in premature infants, has recently been highlighted by the marked difference in fat absorption in nasogastrically vs. nasojejunally fed infants. A comparison of fat absorption in two groups ofinfants of30 wk gestational age showed lower fat excretion (14.9±1.7%) in nasogastrically than in nasojejunally fed infants (23.0±2.9%) (45) .
The extent of intragastric lipolysis is probably affected by the nature of the fat and the fatty acid binding capacity of dietary proteins. The absence of complete hydrolysis, i.e., the formation of mainly di-and monoglycerides (16, 19, 24, 46) , suggests that product inhibition probably determines the nature of the reaction products formed in the stomach after triglyceride ingestion. Product inhibition of pancreatic lipase is prevented by the removal of the FFA and their incorporation into micelles; bile salts and calcium ions play an important role in the formation of micelles and markedly affect the extent of intestinal hydrolysis of dietary fat (10) . Since bile salts are not present in the stomach, the role of fatty acid acceptor during intragastric lipolysis is probably assumed by dietary pro-teins. However, the formation of almost identical reaction products, during in vivo lipolysis (16, 19, 24, 46) , and in vitro in the absence of albumin (25) , suggests that dietary proteins probably have only limited fatty acid binding capacity. The extensive studies on the number and affinity of fatty acid binding sites on the albumin molecule (47) are in marked contrast to the complete lack of information on the fatty acid binding ability of dietary proteins.
The nature of the proteins used in infant formulas could therefore be of great importance in regulating the degree of gastric lipolysis. A better understanding of the characteristics of these proteins could be of importance not only for nutritional considerations but also for clinical reasons. The highly efficient hydrolysis of the lipid in low birth weight formulas by lingual lipase (31) suggests that under certain conditions intragastric lipolysis may exceed the ability for fatty acid removal. The recent reports of nine cases of lactobezoars in premature infants fed a low birth weight infant formula (48, 49) suggests that the fatty acid binding ability of these proteins might not be adequate for the degree of gastric lipolysis.
The quantitative contribution of preduodenal lipolysis to the overall digestion of dietary fat in man and especially in the newborn cannot be evaluated at present. However, on the basis of data in other species (17, 37, 50) and in light of the rapid fat hydrolysis in the stomach of infants (24) and adults (16) we suggest that intragastric lipolysis is probably of major importance in physiological and pathological conditions associated with low levels of pancreatic lipase such as prematurity, congenital absence of pancreatic lipase (51-53), or cystic fibrosis (54) .
The compensatory role of intragastric lipolysis is evident in children with congenital absence of pancreatic lipase and in cystic fibrosis. Children with congenital absence of pancreatic lipase absorb as much as 60-70% of the ingested fat (53) ; since intragastric lipolysis is very high in these cases (51) one may assume that it compensates for the lack of pancreatic lipase.
It has long been recognized in patients of cystic fibrosis that in spite of pancreatic insufficiency a considerable amount of fat and protein is digested and absorbed; indeed, Ross and Sammons (55) have suggested that this is accomplished by lipolytic and proteolytic enzymes of extrapancreatic origin (55) . Recent studies show that the gastric phase of fat digestion is preserved in cystic fibrosis patients with pancreatic insufficiency (56) . Indeed, intragastric lipase activity is even elevated and associated with increased lipolysis. The higher lipolytic activity in gastric aspirates of newborn infants than in adults could be related to a similar compensatory mechanism.
The breast-fed newborn infant may depend on an additional mechanism for fat digestion, the bile salt stimulated lipase ofhuman milk. This lipase found only in the milk of primates (57, 58) , has a high pH optimum (7.0-8.0) and an absolute requirement for bile salts (58) (59) (60) (61) (62) (63) (64) (65) (66) , suggesting that it acts in the intestine (61, 62) . Recent studies have shown that the enyzme is stable at pH 3.5, resists degradation in the stomach and requires bile salts for both its lipolytic activity and in order to resist tryptic degradation (62, 63) . Although maximal activation of the enzyme requires bile salt concentrations that are higher than those in the duodenum of the premature newborn, high activity levels are achieved in the presence of primary bile salts also below their critical micellar concentration (63) . Based on in vitro studies (62) , it can be calculated that the activity of bile salt stimulated lipase is sufficient to completely hydrolyze milk triglycerides within 30 min in the small intestine.
Indeed, we (31, 64) and Williamson et al. (65) have recently observed higher absorption offat in infants fed fresh (not heated) milk than in infants fed formula only (64) or heated breast milk (65) . The presence of high levels of lipase in the milk of women who deliver prematurely (as early as 26 wk of gestation) (66) suggests that fat digestion and absorption could be improved by feeding fresh breast milk to very small preterm infants.
